In diffusion-grown layers of compounds with the orthorhombic FeB-and ZrSi2-type structures a pronounced texture is present which is rotationally symmetric with respect to the direction of diffusion. In FeB-type structures a [101]-fibre texture is observed for ZrSi and HfSi and a [100]-fan texture for TiSi and ZrGe. In ZrSi2-type compounds the b axis is always perpendicular to the direction of diffusion; different compounds, however, show different textures: a [010]-fan texture for ZrSi2, a [100J-fibre texture for HfSi2 and a (101)-fibre texture for ZrGe2. The textures are explained in terms of preferential diffusion along specific crystallographic directions which can be derived from the crystal structures. At high temperatures a second texture component has been observed in HfSi layers and in layers with the ZrSi 2 structure. This second component can be considered as a recrystallization texture and can be derived from the original texture by a rotation of the crystallites of 20-25 ° around a simple crystallographic direction. The existence of a so-called TiGe phase with the FeB structure in the temperature region 1070-1270 K is questionable. Only Ti6Ge 5 has been produced and this compound showed a [001]-fibre texture.
Introduction
When intermetallic compounds are grown in the form of diffusion layers the crystallites very often show a preferential orientation. Such is the case, for instance, in many coatings grown on metal substrates. Several mechanisms may be responsible for the occurrence of such textures, including anisotropic diffusion (growth textures), annealing (recrystallization textures) and stresses in the layer (deformation textures). Often different mechanisms are active in the course of the layer formation and as a result several texture components may be present. We have undertaken a systematic study of the occurrence of texture in * Present address: HTS/SVL, Sloetsweg 155, 7556 H M Hengelo (0), The Netherlands. diffusion-grown layers. To obtain more insight in the importance of the diffusion mechanism for the development of preferred orientations we have chosen groups of isostructural compounds. I n an earlier paper (M aas, Bastin, van Loo & Metselaar, 1983) we investigated phases with the TiAI 3 structure and related structures. In this paper we report our results for compounds with the FeB structure type, and the related ZrSi/ structure.
The compound FeB has an orthorhombic crystal structure with chains of B atoms along the [010] direction (Schubert, 1964) (Fig. 1) . Diffusion of B atoms takes place preferentially along these chains, resulting in highly anisotropic diffusion (Kunst & Schaaber, 1967) . According to Kunst (1969) , using a model of Heumann & Dittrich (1959) , nuclei with the b axis parallel to the growth direction have the best chance for further growth. This results in the formation of a layer with columnar grains oriented more or less parallel to the direction of diffusion.
In view of the existence of this worked-out model it seemed especially interesting to investigate other binary compounds with the same structure. We have also investigated a few compounds which have some relationship with the first group, viz compounds with the ZrSi2 structure. Analogous to the FeB structure we can discern chains of Si atoms, in this case parallel to the [001] direction.
Experimental procedures
The layers were formed in diffusion couples, using the pure metals as starting materials. Sandwich couples X-Me-X were heated in a vacuum furnace (P<I mPa) under an external load of 1 MPa at 1133 K. Generally, two layers were formed under these conditions, MeX 2 and MeX, MeX having the smallest layer thickness. In many cases the MeX 2 layer thus obtained was used again in a diffusion couple MeXz-Me at higher temperatures.
After the formation of the diffusion layers the couples were ground and polished parallel to the diffusion direction for optical microscopy and perpendicular to the diffusion direction for X-ray measurements. For this latter investigation the layers used were always at least 10 ~tm thick.
Texture diagrams of the diffusion layers were measured with a Philips texture goniometer, PW 1078, using Fe K0~ radiation. The measured intensities were corrected for defocusing effects at increasing tilt angles, with the aid of correction curves obtained on textureless samples. During the measurement the sample is rotated around two different angles for a given Bragg angle. One rotation takes place around an axis perpendicular to the sample surface (rotation angle ~t). The other rotation is performed around the line of intersection between the specimen surface and the plane constituted by the incident X-ray beam and the diffracted beam. The tilt angle with respect to the surface normal is the angle Z-To obtain the contribution of a given texture component we measure the corrected intensity l(g,~t) for a reflection hkl with respect to the 'random intensity' E The random intensity is given by
In the present investigation the texture was in all cases rotationally symmetric with respect to the direction of diffusion. In that case (1) reduces to n/2 r= ~ l(z)sin z dz.
(2) o The tabulated Z values represent the angle of maximum intensity for a given reflection hkl. The texture sharpness f is defined by f= I(Z=0)/I, with l(g=0) being the intensity of a reflection by a plane perpendicular to the fibre axis. Iff(z) is plotted against Z a more or less Gaussian shaped curve is obtained. In this paper the width at half-maximum height of this curve, Ag(½), is used as a measure of the texture sharpness. (Schubert, 1964) , orthorhombic, ~6 D2~, Pnma.
(a) Projection on the (010) plane; (b) projection on the (100) 
Experimental results for compounds with the FeB structure

Introduction
The FeB structure is shown in Fig. 1 . The structure shows a zigzag chain of B atoms in the [010] direction, characterized by the parameters A and 2. Table 1 gives a survey of the compounds with FeB structure investigated here, together with the relevant structural data. In this section the experimental results for these binary compounds will be presented.
The compound TiSi
In diffusion couples Ti-Si three layers are observed. Fig. 2 shows a photomicrograph of a couple heated at 1153 K for 300 h. The main layers are TiSi2 and TiSi. tMaxima at 37 and 65 ° are due to reflections 202 and 301, respectively, with overlapping Bragg angles.
We have also produced TiSi layers at 1473 K using TiSi2/Ti couples.
After removal of the TiSi2 layer by grinding, X-ray data were measured on the TiSi layer. The measured dhk~ values correspond closely with those calculated from the lattice parameters given in Table 1 (Schubert, 1964) . An example of a texture diagram of five reflections is shown in Fig. 3 . A survey of the results of texture measurements on TiSi layers produced at 1153 or 1473 K is shown in Table 2. ,00 T.,,,., The reflection 002 is very weak, but is observed. The extra maxima at X=37 and X>65 ° in the texture diagram of the 112 reflection are due to overlapping 202 and 301 reflections. From the intensity as a function of X we observe a texture type which has been described by Huyser-Gerits, Rieck & Vogel (1970) . The long axis of the columnar grains is parallel to the diffusion direction. The texture is described by a [100J-fibre axis perpendicular to the diffusion direction, a so-called [100J-fan texture. For comparison :t-values calculated for this texture are included in Table 2 .
The texture is rather sharp, for instance the reflection 020 shows AX(½)= 8"5 ° for a layer grown at 1153 K. For layers grown at 1473 K the sharpness of this reflection even increases to 5.5 ° , without change in texture.
The compound ZrSi
In couples Zr-Si heated at 1153 K only ZrSi 2 and ZrSi layers are observed, with a thickness ratio of about 4:1. Fig. 4 shows a photomicrograph of such a couple. Results of texture measurements on ZrSi layers grown at 1153 K are given in Table 3 . The measured dhk t values agree with those calculated from the lattice parameters of Schubert (1964) . The texture diagrams can be explained by the presence of a [010]-fibre texture parallel to the direction of diffusion. Values of Z calculated under this assumption are also shown in Table 3 .
It has been attempted to obtain information on textures in ZrSi layers grown at higher temperatures, by using ZrSi2-Zr couples. Interpretation of these measurements is hampered by evaporation of Zr and grain growth. Yet, it could be established that no other texture components develop at 1398 or 1523 K. The texture sharpness increases with increasing growth temperature as is evident from the AX(½) values measured on the 020 reflection: AZ(½) = 25 ° for layers grown at 1153 K, 19 ° for layers grown at 1398 K, and 12 ° for layers grown at 1523 K.
The compound HfSi
So far hardly any data have been published on diffusion in the Hf-Si system. Zmii, Seryugina, Kovtun & Kondratov (1973) report that HfSi2 is formed from Hf and Si in the temperature range 1423-1473 K. At higher temperatures HfSi was also observed. In our experiments with diffusion couples of the type Hf-Si, at 1153 K, two layers were found, HfSi2 and HfSi. At this temperature the HfSi layer is rather thin in comparison with the HfSi2 layer. Suitable HfSi layers could also be produced in HfSi2-Hfcouples at 1523 K. An example is shown in Fig Results of texture measurements on HfSi layers are shown in Table 4 . In layers grown at 1523 K only a very sharp (041)-fibre texture is observed, both near From the measured reflections we obtain lattice parameters which differ slightly from those given in Table 1 (Nowotny, Laube, Kieffer & Benesovsky, 1958) . This work: a=6-88, b=3.77, c=5-23 A.
The compound TiGe
In diffusion couples of the type Ge-Ti-Ge at 1153 K three layers are formed. The layers respectively bordering Ge and Ti, could be identified easily as TiGe2 and TisGe a respectively. In accordance with the phase diagram (Elliott, 1965) the layer bordering TiGe 2 was expected to be TiGe. It was not possible, however, to give an interpretation of the texture measurements on the basis of data for TiGe (cf. Table 5 ). An excellent fit could be obtained between measured and calculated Z values if we assumed the layer to be Ti6Ge 5 with a [001]-fibre texture.
Heating at 1153 or 1273 K of the diffusion couple Ti/TiGez also gave the same result, viz Ti6Ge 5 with a
[001]-fibre texture. Finally, we tried to produce TiGe by argon arc melting. After annealing at 1173 K for 4 d two phases could be observed by optical microscopy. Powder diffraction experiments showed that a mixture of Ti6Ge 5 and TiGe z was formed. Therefore, we doubt if TiGe is a stable compound near 1173 K. This doubt is strengthened by a consideration of the data plotted in Fig. 6 . In this figure the cell volumes are plotted as a function of composition in the system Ti-Ge. The volume calculated from the data of Raman & Schubert (1965) for TiGe deviate strongly from the curve, while the volume calculated for Ti6Ge5 (Spinat, Fruchart & Herpin, 1970) fits well. For comparison the curve for the system Zr-Ge is also shown. Although Ti6Ge5 has a crystal structure which 
The compound ZrGe
According to the phase diagram (Hansen & Anderko, 1958) four binary compounds can be formed between Zr and Ge: ZraGe, ZrsGe 3, ZrGe and ZrGe2. Rossteutscher & Schubert (1965) also observed the compound ZrsGe 4. In diffusion couples of the type Zr-Ge in the temperature range 1023-1153 K, ZrGe2 is the only reaction layer. The adherence of this layer is bad, however, resulting in deformations of the couple. Also, cracks occur during cooling. Slightly better results were obtained when Ge + 1% w/w Zr was used instead of Ge. Fine needles of ZrGe2 are formed, giving a better adherence. in evacuated silica tubes. In these couples ZrsGe, is also observed as a reaction layer. A photomicrograph of a couple heated at 1293 K is shown in Fig. 7 .
The results of texture measurements are summarized in Table 6 . The reflection 020 always has a maximum intensity at X = 0°, i.e. parallel to the diffusion direction. Since the 210 reflection has a maximum at 49 ° a [-100]-fan texture or a [010]-fibre texture can be present. The maxima of the 102 and 112 reflections lead us to the conclusion that a [-100-I-fan texture is present. This is also in accordance with the diffractogram. From the value AX(½)=40 ° for the 020 reflection it follows that the texture is rather weak (compare with 6-9 ° for TiSi). In such a case deviations between measured and calculated values of X are also possible. [ 100]-fan texture *The compound TiGe with a FeB-type structure was not observed.
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Experimental results for compounds with the ZrSi 2 structure
Three compounds were investigated: ZrSiz, ZrGe 2 and HfSi 2. These compounds were always formed during the preparation of the corresponding compounds with FeB structure (Figs. 4, 5, 7) . The layers of ZrSi2 and HfSi2 consist of fine needle-like crystallites with their axis parallel to the direction ofdiffusion. The results of X-ray measurements on these compounds are summarized in Table 7 . The lattice parameters agree well with the data given by Schubert (1964) . In all cases very sharp textures were observed. Also, in all cases, the texture sharpness decreased going from the metal/ diffusion layer interface towards the interface Si(Ge)/diffusion layer. The [010] direction (b axis) of the crystallites is always perpendicular to the direction of diffusion. Apart from the diffusion texture given in Table 7 , a second texture component appeared upon annealing of the layers. The layers were grown at 1023-1173 K. During heating at 1273-1523 K the columnar structure disappeared and large approximately equiaxial crystallites appeared. At the same time a change in texture was observed. For HfSi2 the [100Jfibre texture changed in a (uvw)-fibre texture, approximately (703). This is interpreted as a tilt of the (100) plane of the crystallites around the [010] direction, over 24 ° with respect to the direction of diffusion. Also for ZrSi 2 and ZrGe/ a similar tilt of the (100) plane around [010] over 20-25 ° was found. Owing to the increase in grain size the number of grains was in fact too small to determine the tilt angle with the same accuracy for the last two compounds mentioned. Table 8 gives a survey of the texture components observed in the FeB-type compounds. From this table we conclude that the crystallites always have their [100] direction perpendicular to the direction of diffusion. In TiSi and ZrGe no specific crystallographic direction in the (100) plane is parallel to the direction of diffusion, i.e. these compounds exhibit a [100]-fan texture. In ZrSi and HfSi (and also in FeB itself) the [010] direction in the (100) plane is parallel to the direction of diffusion, i.e. these compounds exhibit a [010]-fibre texture.
Discussion
As mentioned already in the Introduction, Kunst & Schaaber (1967) and Kunst (1969) have proposed a model to explain the [010]-fibre texture in FeB. From the FeB structure, as shown in Fig. 1 , it can be understood that B atoms diffuse preferentially in the [010] direction, since short B-B distances (1.80 ~) are found along the chains. For the compounds investigated, we also find that [010-1 chains are present with short distances between the Si (or Ge) atoms ( -~ 2.3 A). The other interatomic distances are much larger (>3.7.~). Other factors favouring this highly anisotropic diffusion are: the low steric hindering for atoms moving along the chains and the conservation of the ordering in the structure. Yet, only three of the five compounds (including FeB) show the expected [010]-fibre texture. In TiSi and ZrGe, with a fan texture, diffusion evidently does not take place along chains but in a plane, viz the (100) plane. A possible explanation may be sought in the highly anisotropic thermal expansion coefficients of these compounds. A maximum expansion occurs along the [ 100] direction, and the difference with the expansion in the [010] and [001] directions increases considerably with increasing temperature (Lyakhovich & Kosachevskii, 1973) . This means that the vibration frequencies, and therefore also the jump frequencies in the (100) plane, increase relative to those perpendicular to this plane. A second reason for the change in texture may be sought in changes in relative atomic sizes as shown in Fig. 8 . The figure gives the ratio of the radius of the metal atom and the covalent radius of the non-metallic component. Also shown is the ratio of the radius of the metal atom and half the interatomic distance in the chain. Components with fan textures are on the lefthand side in this figure; however, the effect is not very pronounced.
For the compounds with ZrSi/structure the results have been summarized in Table7. The crystal structure is shown in Fig. 9 . In the FeB structure the metal atoms form columns consisting of triangular (010) plane.
If diffusion along the chain occurs, as in the FeB structure, the crystallites in the ZrSiz-type compounds would be expected to grow preferentially with the [001] direction parallel to the direction of diffusion. As can be seen from Table 7 , none of the textures observed agrees with this model. This difference in behaviour for the FeB-and ZrSi2-type structures is probably due to the differences in interatomic distances. For instance, in ZrSi the Si-Si distance in the chain is 2.27 A, and considerably smaller than all other Si-Si distances (>3.80). In ZrSi2 the Si-Si distance in the chain is larger, 2.43 A according to Vaughan & Bracuti (1955) or 2.56 A according to Schachner, Nowotny & Kudielka (1954) , and nearly equal to the other Si-Si distances in the unit cell (2"62 A).
According to our experiments the [010] direction is always perpendicular to the direction of diffusion. Evidently, there is a preference for diffusion in the Si layers occurring perpendicular to the b axis (cf Fig. 9 ). The interatomic distances between the Si atoms is hardly different (2-62 A) from that in the chain (~2"5/~). It is not clear, however, why the diffusion occurs in ZrSi z in all directions perpendicular to 1-010-1, in HfSi 2 only along [100-1 and in ZrGe2 along (101). Referring to Table 9 we conclude that there is a relation between the type of texture and characteristic diffusion paths in the crystal structure. However, no choice can be made between diffusion in a plane or along a specific direction in that plane (fan or fibre texture).
A possible argument against the explanation given for the growth textures would be that grain-boundary diffusion may play a more important role than volume diffusion. However, in all experiments the same texture was observed both at low and high temperatures (apart from recrystallization, see below). Moreover, the texture sharpness increases at higher growth temperatures, where grain-boundary diffusion becomes less important.
Apart from the texture discussed above another texture component is possible, especially at higher temperatures. This second component is related to the first one by a rotation around a simple crystallographic direction. In Table 9 these texture components have been indicated separately (below the dashed lines). They are attributed to a recrystallization process, as is evident from the changes in morphology (change from fine needle-like to coarse equiaxial crystallites).
For completeness, we also mention the results obtained for Ti6G%. This compound has the layer structure of Nb2Cr4Si5 (Kripyakevish, Yarmolyuk & Gladyshevskii, 1968) , with close-packed layers at z = 0 and z = ½ alternating with scarcely occupied layers at z =¼ and z =¼. Important are the densely occupied rows of Ge atoms, with short interatomic distances, in the [001] direction. From these geometrical considerations preferential diffusion along [001] directions is to be expected. The texture observed is in accordance with this model.
In conclusion we can say that the textures observed for the FeB-and ZrSiz-type compounds can be explained largely on the basis of a preferred diffusion direction, but that details cannot be explained with the models of Heumann and Kunst.
